A clarification of the thermodynamic relationships in the ternary system Fe-Na-O at low oxygen potentials is presented. The Gibbs energy of the compound FeNa 4 0 3 was evaluated from the enthalpy data and the phase diagram information available in literature by using the thermodynamic calculation program in the Thermo-Calc Databank System. The phase diagram of the Fe-Na-O ternary system was calculated at 853 K. An oxygen-sodium potential phase diagram of this system computed at the same temperature is also presented.
INTRODUCTION
An understanding of the thermodynamics of the ternary system Fe-Na-O is of relevance to ironmaking processes in view of alkali circulation. A knowledge of the phase stabilities of the various ternary compounds in this system is extremely important in understanding the corrosion of stainless cooling tubes in nuclear reactors containing liquid sodium coolant. The Fe0-Na 2 0 pseudo-binary section of the Fe-Na-O system worked out earlier in the present laboratory is reproduced in Fig. 1 /I/. According to this diagram, three ternary compounds exist in the Fe0-Na 2 0 section viz. Fe 2 Na 2 0 4 (Fe 2 0 3 *Na 2 0), FeNa 2 0 2 (Fe0»Na 2 0) and FeNa 4 0 3 (Fe0*2Na 2 0). Of these, Fe 2 Na 2 0 4 which actually belongs to the Fe 2 0 3 -Na 2 0 join was shown l\l to have extended stabilities even at lower oxygen potentials. Fe 2 Na 2 0 4 and FeNa 4 0 3 were characterized by X-ray diffraction studies done earlier /2,3/, 41og(P AÜ ) + ilog (jy =
• 43.22 (1) cannot be a function of P Na and P Q2 at constant temperature since it refers to an invariant point.
2. The partial pressure function for the three-phase equilibrium, gas, Fe 2 Na 2 0 4 (s) and wüstite given in the same table /4/, viz.
cannot be a function of alone but of both 3. The corrosion of the stainless steel tubes with liquid sodium coolants in nuclear reactors is attributed to the formation of FeNa .O. due to the Vol. 1Z No. 3,1993 iu 1500 
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can be expressed as AG/ =-28892+51.06T J.mol" 1 (8) This indicates that AG/ is zero at 566 Κ and FeNa403(s) should spontaneously decompose to Na20(s) and FeNa202(s) above this temperature.
This contradicts the stability diagram in Fig. 2 . The compound FeNa402(s) was synthesized and characterized structurally and was even identified when liquid sodium containing oxygen was heated in iron containers at 873 Κ and above /5/. The standard Gibbs energy of formation of Na 2 0 has also been reasonably well established in the literature. The inconsistency of AG ? ' may be attributed to the error associated with AG 3°. The present work provides an evaluation of the stabilities of the ternary compounds in the Fe-Na-0 system considering all available data. Although complete data for all phases in this system are not available, a critical assessment of the existing data is presented in view of the technological importance of the phase relations at reduced oxygen partial pressures. Clearly, more thermodynamic and phase equilibrium studies are required to map the system completely.
THERMODYNAMIC CONSIDERATIONS
In the following section, a critical survey of the available thermodynamic information is made.
The Fe-O System
The Fe-O system has been extensively studied over the last decades. The various studies are not discussed here, as the thermodynamic data of this system have been well established. Recently assessed thermodynamic data /7/ was used in the present study. The information presented by this author /7/ is extensive. For the sake of brevity, the present authors chose not to reproduce this voluminous information from Sundman Π/. Since the study was aimed at the region of low oxygen potential, Fe 2 0 3 was excluded in the present calculation.
Magnetite and Wüstite Phases with Dissolved Sodium
In the solid solubility region of Na in wüstite given in Fig. 1 , the phase boundary curve below 1223 Κ is based on only two experimental points. Further, the curvature of the line indicates an abnormal bending towards the Fe-Fe0-Fe 3 0 4 ternary eutectoid temperature at 859 K. Hence, in the case of wüstite, the solid-state galvanic cell measurement results by Sjöden et al. /8/ in the study on Fe0-Fe 2 Na 2 0 4 system were used. According to these authors, the solubility of Na in FeO in the Fe0-Fe 2 Na 2 0 4 section when expressed as the cation fraction, M Na /(X Na + X pe ) was 0.116 at 1074 Κ and 0.118 at 1159 K, respectively. No experimental data has been reported for solubility of Na in magnetite.
The Fe-Na System
No intermediate compound has been reported in this system. The solubility of liquid sodium in α-Fe is below the limit of detection /9/. On the other hand, the solubility of iron in liquid sodium was determined by Baus /10/ using a radio-chemical technique. The solubility of iron was reported to be 2.05xl0" 7 at% at 400 Κ and 3.4xlo" 7 at% at 500 K. In view of these very low values, the solubility of Fe in Na was considered to be negligible in the present work.
The Na-O System
The phase diagram /ll/ shows that the lowest oxide in the Na-0 system is Na 2 0. This oxide has a C> 3 *3Na 2 0) with the same Na/O ratio but different Fe/Na ratio. In the absence of structural characterization for the samples used in the calorimetric studies /4/, the results of the experiments may be attributed to the heat effects produced by other phases present in the system including FeNa 3 0 3 . In a similar way, even the DTA results corresponding to the region where this phase is indicated in Fig. 1 may be attributed to the presence of other phases. Hence, according to the present authors, there is a serious case for doubting the existence of the compound FeNa 2 0 2 as well as the corresponding portion of the phase diagram in Fig. 1 .
FeNa.O. 4 3
The data regarding the Gibbs energy of formation of FeNa.O. is not available in the literature. The heat Hence it is reemphasized that the DTA results produced in Fig. 1 cannot be relied upon unless corresponding structural evidence is obtained. In the present work, the entropy term in the Gibbs energy of FeNa 4 0 3 was kept as a variable, which was optimized together with the model parameters for the liquid phase using the experimental phase diagram data. The optimization was performed on a computer using a program called PARROT 1261.
The Gibbs energy of FeNa 4 0 3 obtained is shown in Table 1 . The Gibbs energies of the other phases are 
DISCUSSION
The equilibria of the Fe-Na-O system at 853 Κ and at low oxygen potentials were calculated using the Poly-3 program of the Thermo-Calc Databank System /27/. The calculated phase diagram at 853 Κ and at low oxygen potentials is shown in Fig. 3 . It is seen that at this temperature, were estimated using the phase diagram information shown in Fig. 1 . In that estimation, the FeNa 2 0 2~ Na 2 0 section was considered. The evaluated standard Gibbs energy of formation of FeNa 2 C> 2 from FeO and Na 2 0 can be expressed as AG 3° = -119106 + 115.54 Τ J/mol (14) Notice that the entropy term in Eq. 14 is unusually high for a solid-solid reaction and is comparable with the earlier estimation /4/ given in Eq. 4. The Gibbs energy of FeNa 2 0 2 obtained from such an estimation was incorporated in the calculation. Nevertheless, the calculated phase diagram showed the same equilibria as given in Fig. 3 , thereby ruling out the possibility of the existence of FeNa 2 0 2 at this temperature. Hence, the compound FeNa 2 Ö 2 was not included in the calculation of the final phase diagram. It should be pointed out that the triangle connecting Na 2 0, FeNa 4 0 3 and Fe 2 Na 2 0 4 , as well as the triangle connecting wüstite, magnetite and Fe 2 Na 2 0 4 in Fig. 3 are only tentative. Beside the three ternary compounds considered in the present calculation, at least four other ternary compounds at higher oxygen potentials have been reported, namely Fe 2 Na 4 O s /28/, Fe 2 Na g 0 7 /29/, Fe 5 Na 3 P 9 /30/ and FeNa 3 0 3 /23/. All of them are located on the Fe 2 0 3 -Na 2 0 join. Since no thermodynamic data has been reported for these compounds, it was not possible to include them in the present analysis.
In order to see the stabilities of various phases at different oxygen as well as sodium partial pressures, a potential phase diagram was calculated using the Poly-3 program /27/. This diagram is presented in Fig. 4 . It is seen that FeNa 4 0 3 will form at very low oxygen partial pressures when α-Fe and liquid sodium are present, thereby explaining the corrosion reaction in nuclear reactors. SUMMARY seriously questioned. A new phase diagram at 853 Κ corresponding to low oxygen potentials and a phasestability diagram for the same temperature are presented. The stability of the ternary compound FeNa 4 C> 3 in equilibrium with Fe(s) and Na(l) supports the formation of this compound during corrosion of stainless tubes by liquid Na in nuclear reactors.
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An evaluation of the stabilities of the ternary compounds in the Fe-Na-O system was done in the present work considering the available thermodynamic and phase diagram information. A critical assessment of the existing data was made taking into consideration the experimental uncertainties. The existence of the ternary compound FeNa 2 0 2 is log (P 0 )
The calculated oxygen-sodium potential phase diagram of the Fe-Na-O system at 853 K. W: Wüstite, M: Magnetite
